Purpose To perform a reliable non-invasive detection of the fetal achondroplasia using maternal plasma. Methods We developed a quantitative fluorescent-polymerase chain reaction (QF-PCR) method suitable for detection of the FGFR3 mutation (G1138A) causing achondroplasia. This method was applied in a non-invasive detection of the fetal achondroplasia using circulating fetal-DNA (cf-DNA) in maternal plasma. Maternal plasmas were obtained at 27 weeks of gestational age from women carrying an achondroplasia fetus or a normal fetus. Results Two percent or less achondroplasia DNA was reliably detected by QF-PCR. In a woman carrying a normal fetus, analysis of cf-DNA showed only one peak of the wild-type G allele. In a woman expected an achondroplasia fetus, analysis of cf-DNA showed the two peaks of wild-type G allele and mutant-type A allele and accurately detected the fetal achondroplasia. Conclusions The non-invasive method using maternal plasma and QF-PCR may be useful for diagnosis of the fetal achondroplasia.
Introduction
Achondroplasia is the most common form of dwarfism in humans. It results from an autosomal dominant mutation in the fibroblast growth factor receptor 3 gene (FGFR3). The majority of cases appear to be de novo mutations. In about 98% of cases, a G to A point mutation at nucleotide 1138 of the FGFR3 gene (G1138A) causes a glycine to arginine substitution [1] [2] [3] [4] .
Achondroplasia is generally detected by abnormal prenatal ultrasound findings in the third trimester of pregnancy. It is then confirmed by molecular genetic testing of fetal genomic DNA obtained by percutaneous umbilical blood sampling (PUBS). These invasive procedures present a small but significant risk for both the fetus and mother. Therefore, non-invasive procedures using circulating fetal DNA (cf-DNA) in maternal plasma have been studied for the detection of the fetal achondroplasia mutation and improved via applications of various molecular methods.
Using polymerase chain reaction (PCR) and restriction fragment length polymorphism analysis (RFLP), Saito et al. were able to detect the FGFR3 mutation in the plasma of a woman carrying a fetus suspected of having achondroplasia [5] . Since this report, the FGFR3 mutation was detected in maternal plasma by molecular methods such as size fractionation method, touchdown PCR-RFLP and matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) [6, 7] . However, these methods required a large volume of maternal blood and additional size fractionation process. Therefore, we considered a method to detect the fetal achondroplasia with a small volume of maternal blood without size fractionation process and developed a modified method that combined RFLP with a quantitative fluorescence-PCR (QF-PCR). Here we present data showing that a modified QF-PCR can be performed on a small quantity of achondroplasia DNA and this method can be used to confidently detect the fetal achondroplasia in maternal plasma.
Materials and methods

Sample collection and processing
All samples used in this study were collected under an appropriate IRB approval of the Ethics Committee at Cheil General Hospital (#CGH-IRBGR-2009-10) and written informed consent was obtained for this study. To establish a QF-PCR method for detection of the FGFR3 mutation in a small quantity of achondroplasia DNA, peripheral bloods were obtained from a female carrier of the mutant A-allele (n=1) and a non-pregnant female blood donor (n=1). Achondroplasia genomic DNA and normal genomic DNA was extracted using a QIAamp blood DNA kit (Qiagen, USA). DNA concentration was measured using ND-1000 Spectrophotometer (NanoDrop Technologies, Inc., USA) and adjusted to 10 ng/μL using deionized water. The lower limit of detection as well the inter-assay precision was determined using 1-in-2 dilution steps and five replicates. To determine the usefulness of this method in real maternal plasma, maternal peripheral bloods were obtained at 27 weeks of gestational age from a normal healthy pregnant woman expecting an achondroplasia fetus (n=1) and a normal healthy pregnant woman carrying a normal fetus (n=1). Immediately after blood sampling, the maternal plasma was separated from the whole blood by centrifugation at 2,500 g for 10 min. Recovered plasma was then centrifuged for an additional 10 min at 16,000 g to remove cell debris and other small molecular particles. The cf-DNA was extracted from 0.5 mL maternal plasma using a commercially available QIAamp DSP Virus Kit (QIAGEN, Germany). Fetal bloods were obtained by PUBS to verify QF-PCR results of the cf-DNA in maternal plasma. Fetal and maternal genomic DNA was extracted using a QIAamp blood DNA kit (Qiagen, USA) from the buffy-coats of the fetal and maternal blood samples.
QF-PCR method for detection of achondroplasia PCR was used to amplify the FGFR3 polymorphic region. The primer set for PCR was as follows: forward: 5′-AGGAGCTGGTGGAGGCTGA-3′, reverse: 5′-GGAG ATCTTGTGCACGGTGG-3′. The reverse primer was labeled with 6-carboxyfluorescein. The PCR reaction solution contained 10 pM primers, 0.25 mM dNTPs, 1.5 mM MgCl 2 , 1 X buffer, 0.25 U Taq polymerase, and 1 μL mixed genomic DNA or 5 μL of cf-DNA per 20 μL of total reaction volume. PCR conditions included predenaturation at 95°C for 5 min, 30 cycles of 95°C for 30 sec, 68°C for 15 sec, 72°C for 30 sec, and a final extension at 72°C for 10 min.
Restriction digestion was used to distinguish the alleles in the FGFR3 polymorphic region. The PCR products (5 μL) were added to a 1 X restriction enzyme buffer that contained bovine serum albumin and 1 U of SfcI restriction enzyme (New England Biolabs, USA). The final reaction volume was adjusted to 15 μL using deionized water. These mixtures were incubated overnight at 37°C. After restriction enzyme digestion, the mixtures were purified using a PCR purification kit (BIONEER, Korea). They were analyzed on an Applied Biosystems 3100 Avant genetic analyzer (Applied Biosystems Inc., USA) using the Pop-4 polymer and GeneScan-500 ROX size standard (Applied Biosystems Inc., USA).
QF-PCR results were confirmed by direct sequencing. After PCR amplification using unlabeled fluorescence primer, PCR products were purified using a PCR purification kit (BIONEER, Korea) and sequenced using a PRISM BigDye Terminator Cycle Sequencing Kit (Applied Biosystems Inc., USA) and a reverse primer. Sequencing products were analyzed using a PRISM 3100 Genetic Analyzer (Applied Biosystems Inc., USA) and electropherogram traces were interpreted with Genescan software version 3.7 (Applied Biosystems Inc., USA). Corresponding genotypes were assigned using Genotyper software version 3.7 (Applied Biosystems Inc., USA).
Statistical analysis
Allelic ratios in all dilution steps were calculated as follows: peak height of mutant-type A allele/peak height of wild-type G allele. The inter-assay precision was presented as coefficient of variation (CV). Statistical analysis was performed using Microsoft Excel.
Results
In QF-PCR of achondroplasia genomic DNA, mutanttype A allele and wild-type G allele were presented as 107-bp and 161-bp fragment, respectively. Table 1 presents peak height of each allele and allelic ratio according to dilution factor of achondroplasia genomic DNA. The CV was less than 10% in both of the two alleles and was less than 15% in allelic ratios. Peak height of wild-type G allele was not different among the dilution factors. However, peak height of mutant-type A allele and allelic ratio were reduced in a dilution factor-dependent manner. Moreover, QF-PCR reliably detected the mutanttype A allele in 2% or less achondroplasia DNA (dilution factor: 1/64). However, direct sequencing could not detect the fetal achondroplasia mutation in these dilution factors (data not shown). Figure 1 shows the QF-PCR results in a pregnant woman with a normal fetus. All samples including maternal genomic DNA, fetal genomic DNA and cf-DNA showed only one peak of the wild-type G allele. Figure 2 shows the QF-PCR results in a pregnant woman expecting an achondroplasia fetus. Maternal genomic DNA showed only one peak for the 161-bp fragment representing the wildtype G allele. The fetal genomic DNA and cf-DNA showed two peaks including a 107-bp fragment representing the mutant-type A allele and a 161-bp fragment representing the wild-type G allele. Allelic ratios in fetal genomic DNA and cf-DNA were 0.99±0.05 (CV: 5.1%) and 0.41±0.05 (CV: 12.2%), respectively. QF-PCR results of cf-DNA were confirmed by direct sequencing and produced identical results ( Figs. 1 and 2) .
Discussion
Following the detection of cf-DNA in maternal plasma [8] , maternal plasma is being widely used as a new material in non-invasive prenatal diagnostics research. Especially, it is considered as a material for diagnosing single gene disorders, because the cf-DNA in maternal plasma have the potential to provide for non-invasive prenatal diagnosis of single gene disorders in which the mother does not have genomic alterations in the target sequence [5, 9] .
In previous reports, the fetal mutant fragment in the FGFR3 G1138A polymorphic region was detected by noninvasive method using the maternal plasma at the third trimester of pregnancy (more than 30 weeks of gestational age) [5] [6] [7] . Especially, Li et al. emphasized a size fractionation method to increase the quantity of cf-DNA in maternal plasma. Although this approach required a large volume of maternal plasma and additional process such as agarose gel electrophoresis and re-extraction of DNA from the agarose section, analysis of size fractionated cf-DNA successfully detected the fetal FGFR3 mutation using touchdown PCR-RFLP and MOLDI-TOF MS.
In this study, we extracted cf-DNA using a DSP viral kit from a small volume of the maternal plasma at the second trimester of pregnancy (27 weeks of gestational age) and then successfully detected a FGFR3 mutation of fetus in the maternal plasma using QF-PCR combined with restriction enzyme analysis. Our data demonstrate that the extraction of cf-DNA using a DSP virus kit, along with the high sensitivity of QF-PCR, may lead to the successful detection of fetal achondroplasia in maternal plasma at the second trimester of pregnancy.
Recent findings have shown that the length of most fetal DNA fragments is found to be <300 bp [6, 7, 10] and an extraction system optimized for viral DNA is favoring smallsize DNA fragments [11] [12] [13] . Rijnders et al. were able to detect fetal DNA at 5 weeks of gestation using the Ultrasens Virus Kit [11] and Clausen et al. reported that the DSP Virus Kit gave a higher yield of cf-DNA than of circulating total DNA in maternal plasma [12] . Moreover, in a workshop report about cf-DNA, Legler et al. reported that using the DSP Virus Kit was an optimal method for extracting a high yield of cf-DNA from total plasma [13] . We therefore designed this study based on these previous reports and were able to extract the cf-DNA using a small amount of maternal plasma. The introduction of fluorescence based PCR such as real-time PCR and QF-PCR to detect fetal DNA from maternal plasma are increasing the number of potential applications in non-invasive prenatal diagnostic research.
Among them, QF-PCR is now commonly employed in routine clinical practice and is often employed as an initial diagnostic method for aneuploidy detection. However, it needs the fetal genomic DNA isolated by invasive procedures such as amniocentesis, chorionic villus sampling and PUBS [14] [15] [16] . In the non-invasive prenatal diagnostic studies using QF-PCR, González-González et al. successfully performed a detection of fetal sex and a diagnosis of Huntington's disease [17, 18] . We were also able to detect the fetal achondroplasia via QF-PCR using cf-DNA in maternal plasma at the second trimester of pregnancy. This data indicates that the high sensitivity of Fig. 1 QF-PCR results in a pregnant woman with a normal fetus (n=1). Maternal genomic DNA, fetal genomic DNA and cf-DNA showed only one peak for the 161-bp fragment representing the wild-type G allele of the FGFR3 mutation (G1138A). QF-PCR result of cf-DNA was confirmed by direct sequencing this technique may provide the ability for the detection of a small quantity of cf-DNA in maternal plasma.
To the best of our knowledge, this is the first study to detect a G1138A mutation in the FGFR3 by QF-PCR using cf-DNA in maternal plasma. Our data indicates that QF-PCR using cf-DNA in maternal plasma may be effective for the non-invasive prenatal diagnosis of achondroplasia. However, there are limitations as follows; First, negative results were controlled by an invasive test because no control for the presence of fetal DNA was included in this approach. In addition, the level of accuracy could not compare with the level of accuracy when using invasive procedures due to the lack of larger clinical trials reporting the sensitivity and specificity of this novel diagnostic procedure. Our results therefore need to be confirmed by further studies in a larger cohort.
Conclusions
The use of this technique may prove useful in the non-invasive prenatal diagnosis of achondroplasia, as well as other autosomal dominant disorders caused by single gene point mutation. Maternal genomic DNA showed only one peak for the 161-bp fragment representing the wildtype G allele of the FGFR3 mutation (G1138A). However, the fetal genomic DNA and cf-DNA accurately showed two peaks including a 107-bp fragment representing the mutanttype A allele and a 161-bp fragment representing the wildtype G allele of the FGFR3 mutation (G1138A). QF-PCR result of cf-DNA was confirmed by direct sequencing
